Significance Statement
======================

Vortioxetine is a novel multimodal antidepressant. We have shown previously that vortioxetine improves stress-induced deficits in cognitive function mediated in the prefrontal cortex of rats that model cognitive components of depression and anxiety disorders in humans. In the present study, we expand the generality of these observations. The results show that chronic vortioxetine administration also reduces the exaggerated expression of fear memory and the shift from active to maladaptive passive coping behavior induced by 2 different chronic stress treatments. This provides further evidence of the therapeutic potential of vortioxetine in the management of depression and anxiety disorders.

Introduction {#s1}
============

Chronic stress is a major risk factor for the development of depression and anxiety disorders ([@CIT0027]; [@CIT0020]; [@CIT0022]; [@CIT0008]). In preclinical studies, we have shown different types of chronic stress to induce anxiety-like behaviors and deficits in cognition, executive function, and maladaptive coping behaviors that resemble symptoms of anxiety, cognitive disturbance, and avoidance behaviors that are prevalent in stress-related psychiatric disorders ([@CIT0005]; [@CIT0028]; [@CIT0038]). Such symptoms can be particularly resistant to treatment ([@CIT0021]). Current pharmacological approaches for the treatment of depression, including serotonin-specific reuptake inhibitors (SSRIs), are only partially effective, with an unacceptably high incidence of residual symptoms, relapse, and treatment resistance ([@CIT0015]; [@CIT0023]). SSRIs are also used for treatment of a spectrum of anxiety disorders, including panic disorder, posttraumatic stress disorder (PTSD), generalized anxiety disorder, and obsessive-compulsive disorder and others (see [@CIT0010]), with varying degrees of efficacy.

Vortioxetine is a novel antidepressant with multimodal action approved by the Food and Drug Administration for the treatment of major depressive disorder ([@CIT0039]). In addition to blocking the 5-HT transporter, vortioxetine is also an antagonist at 5-HT~3A~, 5-HT~7~, and 5-HT~1D~ receptors; a partial agonist at 5-HT~1B~ receptors; and a full agonist at 5-HT~1A~ receptors ([@CIT0002]; [@CIT0032]). Preclinical and clinical studies have demonstrated antidepressant properties of vortioxetine ([@CIT0001]; [@CIT0026]; [@CIT0032]). We have previously shown that chronic dietary administration of vortioxetine reversed a deficit in reversal learning induced by exposing rats to chronic intermittent cold stress, suggesting that vortioxetine has beneficial effects in alleviating stress-induced cognitive impairments associated with dysregulation of the prefrontal cortex ([@CIT0042]). In the present study, we further tested the effects of vortioxetine on other types of stress-induced behavioral alterations relevant to depression and anxiety disorders, including the exaggerated expression of conditioned fear, and a shift from active to passive coping behavior resembling symptoms related to avoidance. In addition, we investigated the generality of the beneficial effects of vortioxetine, administered chronically in the diet, on behavioral alterations produced by 2 different types of chronic stress. The first was a combined Chronic plus Acute Prolonged Stress (CAPS) treatment ([@CIT0038]), after which we measured the effects of vortioxetine on the stress-induced exaggeration of cue-conditioned fear and its extinction. In the second experiment, we measured the effects of vortioxetine treatment on the shift from active to maladaptive passive coping behavior induced on the shock probe defensive burying test after Chronic Unpredictable Stress (CUS) ([@CIT0005]). Portions of this work have been presented in abstract form ([@CIT0014]).

Methods {#s2}
=======

Animals {#s3}
-------

A total of 82 adult male Sprague-Dawley rats (Harlan), 250 to 300 g were used in these experiments. Animals were group housed, 3 per cage, upon arrival and transferred to individual cages before beginning experiments. Food and water were available ad libitum. The animals were housed on a 12-hour-light/-dark cycle (lights on at 7:00 [am]{.smallcaps}), and experiments were conducted during the light phase of the cycle. All procedures were in accordance with National Institute of Health guidelines and approved by the Institutional Animal Care and Use Committee at the University of Texas Health Science Center, San Antonio, Texas.

Chronic Dietary Vortioxetine Treatment {#s4}
--------------------------------------

As described previously ([@CIT0042]), beginning on day 4 of CUS, CAPS, or the corresponding control treatments and continuing through behavioral testing, vortioxetine was administered in the diet prepared to contain 0.33 g/kg chow (Research Diets) corresponding to a dose of approximately 24 mg/kg/d based on estimated average daily food intake of 7.5 g/100 g body weight. This has been shown to achieve clinically relevant brain target occupancy levels ([@CIT0042]). Control diet was the standard rat chow (Purina no. 5001) used as the base for preparation of the drug chow, also provided by Research Diets, Inc. Rats were weighed 3 times per week during the period of drug treatment, and mean body weight gain during this period was calculated and compared to ensure equivalent food intake between treatment groups. Dietary treatment with vortioxetine was initiated during the chronic stress period, because preliminary experiments showed that the CUS treatment could not be extended to 4 weeks. This is what would be required to test a paradigm in which drug treatment was initiated after behavioral deficits had first been established by the full course of chronic stress, which would then have to be maintained for the duration of chronic drug treatment. An unacceptably high proportion of animals failed to perform on behavioral testing after this duration of chronic stress.

Experiment 1: Effects of Chronic Vortioxetine Treatment on Exaggerated Expression of Conditioned Fear Memory and Extinction after CAPS {#s5}
--------------------------------------------------------------------------------------------------------------------------------------

Fifty-eight rats were randomly assigned to 4 treatment groups defined by stress (CAPS or control) and dietary treatment (vortioxetine or control). [Figure 1A](#F1){ref-type="fig"} shows the time line for experiment 1.

![Animals exposed to chronic plus acute prolonged stress treatment exhibited an exaggeration of fear memory, and chronic treatment with vortioxetine in the diet normalized fear memory in stressed rats to a level comparable with that in unstressed controls. (A) Timeline for experiment 1. Rats were habituated to the chambers, fear conditioned, and assigned to groups prior to beginning the 15-day Chronic plus Acute Prolonged Stress (CAPS) stress treatment. Vortioxetine or control diets were given beginning on day 4 of CAPS treatment. Rats were tested for fear memory and extinction on the third day after the end of CAPS treatment. (B) As expected, because rats were assigned to groups after fear conditioning, there were no differences in freezing behavior during fear conditioning. (C) Chronically stressed rats that received control diet showed an exaggerated fear memory, measured as a significant increase in freezing during tone 1 of the extinction session (\*\**P* \< .01 compared with unstressed rats receiving control diet). Chronic dietary vortioxetine treatment restored freezing during tone 1 to a level comparable to that in unstressed control rats (++*P* \< .01 compared with stressed rats receiving control diet). (D) Consistent with the enhanced fear memory seen during tone 1, CAPS stress increased freezing only in response to the first 4 tones presented during extinction (\**P* \< .05, CAPS control diet compared with unstressed-control diet). There were no other significant effects of either stress or drug on extinction, and the final level of freezing achieved at the end of extinction training was comparable in all groups. All data presented as mean ± SEM; n = 12--14 rats/group.](pyw10501){#F1}

### CAPS {#s6}

CAPS was conducted as previously described ([@CIT0017]; [@CIT0038]). CAPS consisted of 14 days of chronic intermittent cold stress followed on day 15 by a single 1-hour series of 3 acute stressors. For the chronic cold stress, rats were transported in their home cages into a cold room, (4°C) for 6 h/d, then returned to housing. This was repeated for 14 days. The acute prolonged stress on day 15 consisted of 20-minute social defeat, immediately followed by 30 minutes of immobilization, then a 10-minute swim stress. For social defeat, Long-Evans retired male breeders were pair-housed with ovariectomized females (Charles River) in large cages (63 x 63 x 40 cm) in a separate room. The female was removed from the resident cage, and the test rat placed in the cage with the resident Long-Evans male rat. Typically within approximately 20 seconds, the resident would attack and defeat the smaller "intruder" Sprague-Dawley test rat. Once defeat occurred, defined by the test rat assuming a supine submissive posture and the resident showing a dominant posture for at least 4 seconds, the test rat was placed under a wire mesh cage for 20 minutes, protecting it from further physical contact but allowing continued sensory exposure to the dominant rat. Immobilization involved taping the torso and limbs gently but securely in a prone position on a flat platform, allowing no movement for 30 minutes. For swim stress, the rat was placed in a cylindrical tank (30-cm diameter × 60-cm height) filled to a depth of 30 cm with water at approximately 23°C. Control rats were handled for 30 seconds daily.

### Fear Conditioning and Extinction {#s7}

Fear conditioning and extinction were performed as previously described with minor modification ([@CIT0017]). Two days before beginning CAPS or control treatment, rats were habituated to 2 contexts for 15 minutes each. Context A was a square chamber with metal walls and a metal grid floor. Context B was a round chamber with smooth vinyl floor and walls. Twenty-four hours after habituation, the rats received cued fear conditioning in context A. After 5-minute acclimation in the chamber, they experienced 4 pairings of a tone (10 kHz, 75 dB, 20 seconds) coterminating with a shock (0.8 mA, 0.5 seconds, average inter-trial interval = 120 seconds). After fear conditioning, the rats were then assigned to treatment groups, such that the average amount of freezing exhibited during conditioning was similar across groups. Twenty-four hours later, CAPS or control treatment began. Treatment with vortioxetine or control diet began on day 4 of CAPS. On the 3rd day after the end of CAPS treatment, fear extinction was conducted in context B to avoid contextual freezing. They were exposed to 16 trials of the tone alone, with an average inter-trial interval of 2 minutes. Behavior was recorded, and freezing during each tone was measured using FreezeFrame and FreezeView software (Coulbourn Instruments ACT-100).

Experiment 2: Effects of Chronic Vortioxetine Treatment on the CUS-Induced Shift from Active to Passive Coping Behavior on the Shock Probe Defensive Burying Test {#s8}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------

Twenty-four rats were randomly assigned to 4 treatment groups defined by stress (CUS or control) and dietary treatment (vortioxetine or control). [Figure 2A](#F2){ref-type="fig"} shows the time line for experiment 2.

![Animals exposed to chronic unpredictable (CUS) stress exhibited a shift from active to passive coping behavior on the shock probe defensive burying test, and chronic treatment with vortioxetine normalized coping behavior in stressed rats. (A) Time line for experiment 2. Rats were assigned to groups prior to beginning the 14-day CUS treatment. Vortioxetine or control diets were given beginning on day 4 of CUS treatment. Rats were tested in the shock probe defensive burying test on the 3rd day after the end of CAPS treatment. (B) CUS increased immobility in rats receiving control diet (\**P*\<.05 compared with unstressed controls), and vortioxetine in the diet reduced immobility of CUS-treated rats to a level comparable with that in controls (+*P*\<.05 compared with CUS-control diet). (C) CUS reduced burying behavior in rats receiving control diet (\**P*\<.05 compared with unstressed controls), and vortioxetine in the diet restored burying behavior of CUS-treated rats to a level comparable with that in controls (+*P*\<.05 compared with CUS-control diet). In this experiment, vortioxetine alone reduced burying in unstressed rats (\#*P*\<.05 compared with unstressed-control diet). (D) To assess active coping behavior as a proportion of total coping behavior (active + passive), the bury ratio was analyzed. CUS decreased the bury ratio in rats receiving control diet, indicating a shift from active to passive coping behavior (\**P*\<.05 compared with unstressed controls), and vortioxetine in the diet restored the bury ratio of CUS-treated rats to be comparable with that in unstressed control rats (+*P*\<.05 compared with CUS-control diet). All data presented as mean ± SEM; n = 6 rats/group.](pyw10502){#F2}

### CUS {#s9}

CUS was conducted as described previously ([@CIT0005]; [@CIT0024]). Briefly, a different acute stressor was applied once daily for 14 consecutive days, as outlined in [Table 1](#T1){ref-type="table"}. After each stress, rats were placed in their home cages with fresh bedding in a separate room for 1 hour post-stress recovery and then returned to housing. Unstressed control rats were handled briefly each day. Vortioxetine or control diet was given beginning on day 4 of CUS or control treatment, continuing through behavioral testing. After the conclusion of CUS treatment on day 14, rats were left undisturbed in the housing room for 2 days and tested on day 17.

###### 

CUS Procedure

  -------- --------------------------------------
  Day 1    Restraint (30 min)

  Day 2    Shaking (1 h)

  Day 3    Social defeat (45 min)

  Day 4    Warm swim (15 min)\
           (Begin vortioxetine or control diet)

  Day 5    24-h wet bedding

  Day 6    Cold swim (10 min)

  Day 7    Shaking (1 h)

  Day 8    Mild footshock (15 min)

  Day 9    Restraint (30 min)

  Day 10   Warm swim (15 min)

  Day 11   Mild footshock (15 min)

  Day 12   Tail pinch (10 min)

  Day 13   24-h wet bedding

  Day 14   Mild footshock (15 min)
  -------- --------------------------------------

### Shock Probe Defensive Burying Test {#s10}

On the 3rd day following the end of CUS or control treatment, a rat was placed into a modified cage containing 5 cm of clean bedding. A shock probe protruding 6 cm into one end of the cage was set to deliver 2 mA of current when touched. After the rat made contact with the probe and received a shock, the current was shut off. Behavior was recorded to video for offline scoring of the amount of time spent immobile and the amount of time spent engaged in actively burying the probe during the 15-minute test period following probe contact. Burying was defined as digging, plowing, pushing, or flicking bedding toward the probe. Immobility was defined as a lack of movement other than breathing or slight scanning movements of the head without moving the legs or torso. The measure of active coping relative to passive coping was the bury ratio, calculated as (bury time)/(bury time + immobility time).

Statistical Analysis {#s11}
--------------------

The investigator conducting the behavioral test was blind to the experimental treatment of the rat being tested. In both experiments, mean body weight gain during the period of drug treatment was compared between drug treatment groups using Student's *t* test. In experiment 1, fear memory, measured by freezing on the first tone in the extinction test, was analyzed using 2-way ANOVA (stress x drug). Extinction of conditioned fear, indicated by the decrease in freezing across all tones in the extinction test, was analyzed by 3-way ANOVA (stress x drug x tone, with repeated measures over tone). For the shock-probe defensive burying data, bury time, immobility time, and bury ratio were analyzed by 2-way ANOVA. Pairwise comparisons to detect specific group differences were performed using Newman-Keuls test. In all analyses, significance was determined at *P* \< .05.

Results {#s12}
=======

Experiment 1: Effects of Chronic Vortioxetine Treatment on Exaggerated Expression of Conditioned Fear Memory and Extinction after CAPS {#s13}
--------------------------------------------------------------------------------------------------------------------------------------

All rats were fear-conditioned prior to group assignments. Thus, as expected, there were no differences in fear conditioning between groups prior to beginning chronic stress or drug treatment (all *P*\>.23) ([Figure 1B](#F1){ref-type="fig"}). Rats receiving both diets showed equivalent weight gain during the 2-week drug treatment period (control diet: 31.6 ± 0.9g, vortioxetine diet: 32.2 ± 0.8g; t~(30)~ = 0.46, *P*=.65). Analysis of fear memory on tone 1, tested after chronic stress and drug treatment, indicated significant main effects of stress (F~(1,48)~ = 11.26, *P*\<.01) and drug (F~(1,48)~ = 7.15, *P*\<.01). Pairwise comparisons showed that CAPS treatment significantly elevated freezing on tone 1 in rats receiving control diet, and vortioxetine reduced freezing on tone 1 back to control levels ([Figure 1C](#F1){ref-type="fig"}). Vortioxetine alone did not alter the expression of fear memory in nonstressed animals.

In the analysis of extinction ([Figure 1D](#F1){ref-type="fig"}), there was the expected main effect of tone (F~(15,720)~ = 17.25, *P*\<.001), reflecting the decrease in freezing across tones. There was a significant stress x drug interaction (F~(1,48)~ = 12.68, *P*\<.001) and a stress x tone interaction (F~(15,720)~ = 2.49, *P*\<.01). There was no main effect of stress (F~(1,48)~ = 2.69, *P*=.11) or drug (F~(1,48)~ = 0.63, *P*=.43), and there were not significant interactions of tone x drug or tone x drug x stress (both *P*\>.31). Pairwise comparisons revealed that the stress interactions were driven entirely by the exaggerated fear memory described above, as the only significant differences between groups were in the elevation in freezing during the first 4 tones in CAPS treated rats given control diet compared with all other groups (*P*\<.05), consistent with the effects on tone 1.

Experiment 2: Effects of Chronic Vortioxetine Treatment on the CUS-Induced Shift from Active to Passive Coping Behavior on the Shock Probe Defensive Burying Test {#s14}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------

Rats receiving both diets showed equivalent weight gain during the 2-week treatment period (control diet: 37.3 ± 0.8g, vortioxetine diet: 37.5 ± 0.7g; t~(30)~ = 0.17, *P*=.87). CUS increased immobility, decreased burying, and reduced the bury ratio, and these effects were reversed by chronic dietary treatment with vortioxetine. For immobility, there were significant main effects of stress (F~(1,20)~ = 11.60, *P*\<.003), drug (F~(1,20)~ =4.594, *P*\<.05), and a stress x drug interaction (F~(1,20)~ = 11.89, *P*\<.003). Pairwise comparisons indicate that CUS increased immobility compared with controls (*P*\<.001), and vortioxetine reversed this effect (*P*\<.003) ([Figure 2B](#F2){ref-type="fig"}). For burying time, there were no significant main effects, but there was a stress x drug interaction (F~(1,20)~ = 17.84, *P*\<.001). Stress decreased burying time, and vortioxetine restored burying to control levels ([Figure 2C](#F2){ref-type="fig"}). As we have seen previously for other therapeutic interventions (e.g., see [@CIT0024]), in this experiment vortioxetine alone also reduced burying but had no effect on immobility. In the analysis of bury ratio as a measure of active coping relative to passive coping, there was a main effect of stress (F~(1,20)~ = 11.59, *P*\<.03) and a stress x drug interaction (F~(1,20)~ = 38.17, *P*\<.01). Pairwise comparisons revealed that stressed rats given control diet showed a decrease in the bury ratio, reflecting a shift from active to a more passive behavioral coping strategy (*P*\<.05). Chronic administration of vortioxetine in the diet reversed this effect (*P*\<.01) ([Figure 2D](#F2){ref-type="fig"}).

Discussion {#s15}
==========

In this study, we examined the effects of chronic dietary administration of vortioxetine on measures of exaggerated fear memory and maladaptive coping behavior following different types of chronic stress treatment. In the first experiment, in replication of our previous study ([@CIT0038]), CAPS, administered after fear conditioning, enhanced the expression of cue-conditioned fear memory on a recall test after the end of chronic stress. Vortioxetine normalized the amount of freezing exhibited upon reexposure to the conditioned cue, without affecting the expression of conditioned fear memory in non-stressed animals. Enhanced fear memory and exaggerated response to fearful stimuli are common symptoms of mood and anxiety disorders, in particular PTSD. For instance, subjects with PTSD exhibited larger startle response magnitude relative to control subjects ([@CIT0025]). The amygdala is hyperresponsive in PTSD, which may account for exaggerated fear responses and persistence of traumatic memories ([@CIT0040]). Amygdala activation is increased in PTSD patients in response to trauma-related imagery ([@CIT0040]), fear conditioning ([@CIT0007]), and fearful facial expressions ([@CIT0037]). Further, SSRI treatment decreased the amygdala response to fearful facial expressions and normalized the amygdala response to aversive stimuli ([@CIT0019]). The results of the present preclinical study suggest that vortioxetine may also be effective in reducing such symptoms.

Likewise, in response to subsequent tones administered during extinction training in the same test, chronic stress enhanced freezing during the first 4 tones, consistent with exaggerated fear memory. However, by the end of the session, all groups had achieved the same level of extinction. Thus, because extinction per se was apparently not compromised by chronic stress in this experiment, we can make no conclusions regarding the potential effects of vortioxetine on changes in the extinction of conditioned fear that may be associated with mood and anxiety disorders.

In the second experiment, also in replication of a previous study ([@CIT0024]), CUS induced a shift from an active to a passive coping strategy in the shock probe defensive burying test. Chronic vortioxetine treatment normalized coping behavior in chronically stressed animals, restoring the proportional amount of active coping relative to total coping behavior (i.e., the bury ratio) to that seen in unstressed control rats. Our laboratory and others have shown active coping to be more adaptive in this test. Specifically, whereas active coping reduced stress hormone levels during the period of continued exposure to the probe, the passive immobility response was associated with elevated stress hormones ([@CIT0006]). Clinical studies have also shown that active coping, as opposed to avoidant coping, is associated with reduced stress and improved long-term mental and physical health outcomes ([@CIT0030]; [@CIT0009]; [@CIT0033]). Thus, vortioxetine may be effective clinically in reducing avoidance behavior and facilitate active coping. As we have also reported previously with other therapeutic interventions (e.g., see [@CIT0024]), vortioxetine alone reduced burying behavior in unstressed rats, which may be interpreted as an anxiolytic response, as there was no increase in immobility. These findings are in agreement with a previous report that vortioxetine dose-dependently reduced anxiety in the marble burying test in mice ([@CIT0004]). A similar effect has also been observed in previous studies in which SSRI treatment selectively decreased burying behavior ([@CIT0013]). The lateral septum is critical to determining coping behavior on the shock probe defensive burying test ([@CIT0041]). Further, changes in serotonergic neurotransmission in the lateral septum have been shown to be involved in the behavioral effects of stress ([@CIT0036]) and respond to behaviorally effective doses of SSRIs ([@CIT0011]). Thus, this brain region is likely to be involved in the behavioral effects of CUS on the shock probe defensive burying test and is also a potential site of action for the beneficial effects of vortioxetine on this test.

The beneficial effects of vortioxetine on the shock probe defensive burying test, that is, restoring active coping behavior in rats that had been compromised by chronic stress, are consistent with the effects of SSRIs in reducing immobility and increasing active swimming behavior in the forced swim test, another test of active vs passive coping responses ([@CIT0012]). Further, chronic SSRI treatment also reduced immobility and increased swimming in rats compromised by chronic stress ([@CIT0029]). Vortioxetine has also been shown to have dose-dependent antidepressant-like effects in the forced swim test, decreasing immobility and increasing active responding ([@CIT0031]).

It is likely that the beneficial effects of vortioxetine on fear memory and anxiety-related behaviors were mediated by a combination of SERT inhibition, elevating extracellular 5-HT levels, together with direct activity at specific 5-HT receptors. Clinically effective doses in human (5--20 mg/d) generate approximately 50% to 80% SERT occupancy; primarily the SERT and 5-HT~3~ receptor are occupied at 5 mg, while at 20 mg, other targets are also occupied at functionally relevant levels ([@CIT0039]). In a previous study using a dietary vortioxetine treatment comparable with that used in the present experiments, we reported approximately 85% occupancy of the SERT in the rat brain and approximately 50% to 60% occupancy of the 5-HT~1B~ receptor ([@CIT0042]). At doses producing this level of occupancy at these sites, the 5-HT~3~ receptor, which has much higher affinity for vortioxetine, would be expected to show even greater occupancy than the SERT, with relatively low occupancy at the other drug receptor targets, including the 5-HT~1A~ receptor ([@CIT0035]). However, blockade of the 5-HT~3~ receptor has been shown to potentiate the increase in extracellular 5-HT produced by citalopram ([@CIT0032]). Thus, 5-HT~3~ receptor antagonism by vortioxetine may amplify the elevation in extracellular 5-HT levels produced by SERT blockade, enhancing effects mediated by postsynaptic receptors occupied at low levels by vortioxetine itself at this dose. In particular, drugs that activate the 5-HT~1A~ receptor have been reported to be anxiolytic ([@CIT0016]), including the reduction of contextually conditioned fear ([@CIT0003]), although opposing effects at pre- and postsynaptic auto- and hetero-receptors can produce inconsistent or contradictory results ([@CIT0016]). It is also possible that blockade of the 5-HT~3~ receptor contributed directly to the reduction of fear and anxiety by vortioxetine, as 5-HT3 antagonists have been reported to reduce fear and anxiety, but only in very limited contexts, including fear potentiated startle, a form of conditioned fear, in both humans and rodents ([@CIT0034]; [@CIT0018]).

We have previously shown that vortioxetine reversed a deficit in cognitive flexibility in rats that have been exposed to chronic stress, which models cognitive symptoms related to prefrontal cortical dysfunction in depression ([@CIT0042]). The present results broaden these observations, providing further evidence of the beneficial effects of vortioxetine on other behaviors that are dysregulated by stress and that model other components of mood and anxiety disorders.
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